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THE HUMAN PHARYNGEAL AIRWAY is surrounded by highly compliant soft tissues. Therefore, active forces are required to maintain positive transmural pressure during inspiration and patency to airflow. During wakefulness, reflex activation of upper airway dilator muscles prevents pharyngeal collapse and maintains adequate upper airway patency (13) . During sleep, these protective mechanisms are deranged (28) . Since the pioneering studies of Remmers et al. (24) , it is believed that the forces preventing pharyngeal obstruction are produced primarily by the upper airway dilator muscles. The reduction in genioglossus (GG) EMG activity with the onset of sleep (9, 26) and the diminution of the reflex response of the GG to negative pressure (8) and chemical drive (22) during sleep suggested that the increase in pharyngeal collapsibility during sleep is primarily due to a sleep-associated decrease in dilator muscle activity.
However, it is well documented that upper airway dilator muscle EMG activity increases in response to respiratory stimulation (31) . Similarly, abundant observations demonstrated that dilator muscle EMG tends to increase in patients with obstructive sleep apnea (OSA) during hypopneas and apneas, but this enhanced activity usually fails to restore pharyngeal patency before arousal (3, 14, 16, 20, 21, 24, 32) . The cause for this phenomenon is poorly understood. Remmers et al. (24) concluded that the dilator muscles fail to counteract the large negative intraluminal pressures that develop downstream to the obstruction. More recently, Younes et al. (32) suggested that dilator muscles activation during apneas and hypopneas fails to reach a threshold, i.e. the level that prevents collapse during wakefulness. Alternatively, Fregosi and coworkers (10, 23) suggested that the efficacy of lingual dilators can be enhanced by coactivation of tongue retractors, such as the styloglossus and hyoglossus muscles. Nevertheless, the role of lingual retractor muscles in the maintenance of airway patency during sleep remains unclear.
In a recent study we found that when awakening was prevented by propofol-induced mild anesthesia, even though large increases in GG-EMG, triggered by prolonged flow limitation, failed to restore or even improve pharyngeal patency (7) . This finding raised the possibility that studying a representative dilator muscle may be insufficient and that looking at the coordination of multiple muscles (including lingual dilators and retractors) is needed to understand the dysfunction of the upper airway in sleep. Accordingly, we hypothesized that "chemical sleep" may disturb the coordination between peripharyngeal muscles so as to compromise their mechanical efficiency.
The current study was undertaken to confirm that the finding observed under anesthesia can be demonstrated also during sleep after receiving a benzodiazepine sedative, and to evaluate possible explanations for this phenomenon. Based on its unique structure, the tongue is considered to function like a muscular hydrostat, i.e., its shape and movements are the product of combined coordinated activation of all its muscles (11) . Indeed, the tongue retractors, which obstruct the pharynx when acting in isolation, are regularly coactivated during inspiration (10, 23) and may improve pharyngeal patency when activated together with the GG (18) . Therefore, we hypothesized that alteration in the pattern of activation of tongue protrusors and retractors in the transition from wakefulness to sleep may affect pharyngeal patency and the efficacy of the tongue protrusors. For this purpose we compared the magni-tude of tongue protrusor (GG) and retractors EMG during wakefulness in OSA patients breathing through inspiratory resistors, when pharyngeal collapse was prevented despite large negative downstream pressures, to the EMGs observed during sleep toward the end of apneas/hypopneas. In addition, we compared the mode of coordination between the GG and tongue retractors during wakefulness to that of the arm muscles-the biceps and triceps. This part of the study was undertaken to provide evidence that the tongue agonist and antagonists work in concert to stabilize the position of anatomic structures more closely than other skeletal muscles, thereby increasing vulnerability to muscular asynchrony.
METHODS

Subjects.
Thirteen patients with OSA recently diagnosed in a full sleep study in the Technion Sleep Laboratory were recruited for this study. Patients with any disease that could prevent the insertion of intramuscular electrodes and esophageal balloon, including nasal polyps or choanal obstruction for other causes, any tonsilar or pharyngeal disease, hypersensitivity to local anesthesia, or treatment with antiplatelets or anticoagulants, were excluded. All studies were performed in the respiratory research laboratory of Bnai-Zion Medical Centre. The aims and potential risks of the study were explained, and written, informed consent was obtained from all subjects. The study was approved by the institutional Human Investigations Review Board.
Electromyogram. Surface electrodes were used to record biceps and triceps EMG. EMG of the GG was recorded via pairs of Tefloncoated hook-wire electrodes as previously described (7) . Similar electrodes were inserted into the tongue retractor muscles, based on their known anatomic insertion into the body of the tongue: styloglossus (SG), inserted into the left rim of the tongue, as posteriorly as possible (n ϭ 7); and hyoglossus (HG), inserted about 1 cm lower, below the left lateral protrusion of the tongue rim, into the base of the vertical part of the tongue (n ϭ 6). All electrodes were positioned under direct vision, and their adequate position was verified by short bursts of 40-Hz electrical stimulation (Dynex III, Medtronic, Minneapolis, MN) demonstrating tongue protrusion and retraction during stimulation via the GG and retractors electrodes, respectively. Recording procedures were performed as previously described (7) . Raw EMG signals were filtered (30-1,000 Hz), rectified, and processed with leaky integrators with a time constant of 100 ms to yield a moving-time-averaged EMG envelop. All EMG signals were expressed as percent of the maximal value obtained for each muscle. The EMG signal during expiration was defined as tonic activity for all tongue muscles, and peak inspiratory activity represented tonic plus phasic activity.
Recording procedures. C4-A1 and C3-A2 EEG, EOG, and oxygen saturation were employed to monitor sleep. Subjects breathed through a tight-fitting nasal mask and a pneumotachometer, connected to a Validyne Ϯ 2 cmH 2O pressure transducer, with the mouth carefully and tightly sealed using a chin strap (Respironics) and adhesive band-aid. The pneumotachometer was connected to a digitized variable-pressure source at the inflow port, enabling variation of nasal pressure (Pn) between 20 and Ϫ10 cmH 2O (ResMed). Pn was monitored with a catheter connected to a side port of the mask. Intrathoracic pressure was measured with an esophageal balloon catheter (Ackrad Laboratories, Cranford NJ), used to assess downstream pressure developed during resistive breathing and during hypopneas and apneas. Analog-to-digital acquisition of all parameters was performed at 1,000 Hz for monitoring and data storage on a digital polygraphic data-acquisition system (LabVIEW, National Instruments, Austin TX).
Experimental procedure. Patients arrived to the lab at about 8 pm and underwent awake measurements. First, the patients were seated with the arm and elbow placed on a table and were asked to perform three levels of isometric arm flexion and extension effort (mild, moderate, and maximal). The force produced was measured with a digital gauge, and biceps and triceps EMG were recorded during these maneuvers. Thereafter, the intramuscular electrodes were inserted into the tongue muscles, after injecting 0.5 ml lidocaine 2% intra-and submucosally. About 30 min after electrode insertion, after the effect of local anesthesia waned, the patients were placed in the supine position and instructed to perform several tongue maneuvers: 1, tongue protrusion out of the mouth' 2, tongue retraction; and 3, lateral thrust of the tongue to the left, against the inside of the cheek. Each maneuver was performed with three levels of effort (mild, moderate, and maximal), each two to five times. In addition, patients performed maximal anterior thrust of the tongue against the clenched front teeth. GG and retractors EMGs were recorded during all these maneuvers. Next, the esophageal balloon catheter was inserted via the nostril after applying local nasal decongestant (0.05% oxymetazoline HCl). An external nose seal was placed and the patients breathed through a mouthpiece connected to the pneumotachometer, a valve separating the inspiratory from the expiratory tubing, and a variable resistor connected distally on the inspiratory arm. The resistor was constructed of a short tube, with a small inflatable balloon attached to the side of its internal surface, enabling a wide range of subtle changes in resistance. EMGs, Pn, Pes, and airflow were recorded during this procedure. Inspiratory resistance was varied stepwise, and the patients were instructed to perform increasing respiratory efforts. These efforts were associated with increasingly (negative) Pes levels encompassing the range of Pes levels expected to occur during apneas and hypopneas (i.e., Ϫ40 to Ϫ50 cmH 2O).
Finally, one tablet of a short-acting hypnotic (brotizolam 25 mg) was administered, EEG, EOG, ECG, and oxygen saturation (SO2) sensor and continuous positive-airway pressure (CPAP) were connected, taking care to minimize air leaks around the nasal mask; the mouth was sealed and the chin strap was placed; and the lights were turned off at about 11 pm. The patients were placed initially in the supine position. Pn was raised to the level that abolished flow limitation (holding pressure). Once the patient was asleep, the Pn was lowered gradually, first to trigger respiratory efforts (21) , and then to obtain prolonged hypopneas and apneas with periods of flow limitation that will further trigger respiratory efforts and increasing GG EMG activity, before arousal occurred. Upon arousal Pn was raised back to the holding pressure, until stable baseline ventilation and adequate sleep were observed. Data were collected under several levels of flow limitation, at the supine and lateral position. The sleep studies were continued for 3-4 h, the time required to obtain sufficient data both in the supine and lateral position, or until the patient woke up and was unable to continue the sleep study.
Data analysis. EMG activity of the arm muscles is presented as percent of the magnitude recorded during the maximal effort. EMG activity of the tongue muscles is presented as percent of the highest activity observed during any one of the tongue maneuvers (Table 1) . Peak GG-EMG and retractors-EMG and peak (negative) Pes, obtained during wakefulness with resistive breathing, were used to construct individual EMGawake:Pes plots for every patient. These levels of EMG were considered as sufficient to prevent pharyngeal collapse at the corresponding Pes during wakefulness. The same parameters, obtained in the last one or two breaths before arousal from apnea/ hypopneas during sleep, were used to obtain the EMGsleep at various Pes levels. The EMGsleep was, per definition, insufficient to prevent pharyngeal collapse at the corresponding Pes. The ratio of EMGsleep/ EMGawake at equal Pes (EMG sleep /awake ratio) was used to assess if EMGsleep surpassed EMGawake: an EMG sleep /awake Ͼ 1 indicated that the EMG toward the end of apneas and hypopneas exceeded, without improvement in airflow during sleep, the magnitude sufficient to prevent pharyngeal collapse during wakefulness. To provide an estimate of the magnitude EMG sleep /awake may achieve, we calculated the average of the five highest GG-EMG sleep /awake ratios observed in each patient. All data are presented as means Ϯ SD. Paired t-test was used to compare EMG responses. Pearson correlation was used to assess the relationship between EMG sleep /awake and anthropometric data and AHI. P Ͻ 0.05 was considered as statistically significant.
RESULTS
All 13 patients were men and all but one had severe (AHI Ͼ 40) OSA ( Table 2) .
Wakefulness. Comparison of agonists-antagonists coactivation of the tongue, compared with the arm muscles, is shown in Fig. 1 . It can be seen that for the arm, when a muscle was coactivated as an antagonist, its peak EMG activity reached about one-quarter of that observed when activated as the agonist (primary) muscle, independently of the tension produced. In contrast, the tongue muscles are coactivated substantially differently: both protrusor and retractor muscles were activated very similarly independently of the direction and intensity of tongue movements. The same was found when additional movements of the tongue were evaluated, i.e., maximal forward thrust of the tongue against the teeth and lateral pressure against resistance (Table 3 ). Contrary to the arm, the direction of movement of the tongue could not be recognized by comparing agonist and antagonist EMG.
The relationship between Pes and GG-EMG and SG-EMG during wakefulness in one of the patients is shown in Fig. 2A . Higher inspiratory resistances required stronger respiratory Values are means Ϯ SD. None of the differences between genioglossus and retractors was statistically significant. efforts, as indicated by the more negative peak inspiratory Pes. Increasing respiratory efforts were associated with increases in both GG and SG peak EMG activity. A linear relationship between Pes and EMG activity was found in all patients ( Table 4 ). The average R values for the GG-EMG:Pes, SG-EMG:Pes and HG-EMG:Pes relationship were 0.92 Ϯ 0.07, 0.93 Ϯ 0.04, and 0.90 Ϯ 0.07, respectively, (R Ն 0.8 in all subjects). Construc-tion of GG and retractors EMG:Pes curves provided for each patient the level of EMG activity considered to be sufficient to prevent pharyngeal collapse while awake. In the mean, the slopes of peak EMG:-Pes were 0.77 Ϯ 0.38, 0.97 Ϯ 0.57, and 0.43 Ϯ 0.23 EMG%max/cmH 2 O for GG-EMG:Pes, SG-EMG: Pes, and HG-EMG:Pes, respectively (Fig. 2B ). SG activity tended to increase more, for a given drop in Pes, than that of the HG, but the difference was not significant (P ϭ 0.11). A significant correlation was found between the individual increase of GG and retractors EMG (slope of EMG:-Pes) with increasing negative Pes (R ϭ 0.59, P Ͻ 0.05), i.e., patients with higher GG-EMG response to low Pes levels tended to have also a higher retractors EMG response.
Sleep. Figure 3 depicts tracings demonstrating the effects of prolonged hypopnea on EMG, flow, and pressures in one of the patients during sleep. Lowering Pn from 7 to 1 cmH 2 O resulted in marked flow limitation. At the same time, peak GG-EMG inspiratory activity increased gradually, concomitantly with a gradual increase in the magnitude of negative Pes, while SG-EMG remained unchanged without any phasic activity. The gradual increases in GG-EMG activity had no effect on flow, which remained virtually unchanged even in the presence of relatively large increase in phasic GG-EMG activity in the last breath before arousal. In this patient, the most negative inspiratory Pes observed before arousal at the end of the presented hypopnea reached Ϫ25 cmH 2 O. Peak inspiratory GG-EMG at the same breath reached 24%max. The corresponding GG-EMG during wakefulness for this patient, at Pes ϭ Ϫ25 cmH 2 O, obtained during resistive breathing, was 7.0%max. Accordingly, the sleep GG-EMG reached Values are means Ϯ SD. The data presented, used to construct Fig. 2B , are the levels of peak EMG obtained at esophageal pressure (Pes) of Ϫ10 to Ϫ40 cmH2O. In patients 6 -11 the retractor studied was the hyoglossus. 2.7-fold the magnitude found sufficient to prevent pharyngeal collapse during wakefulness (i.e., GG-EMG sleep / awake for the relevant breath ϭ 2.7). During sleep, however, this high level of GG electrical activity failed to produce the mechanical effect required to enlarge the partially patent pharynx and improve airflow. A similar finding can be seen also in another patient, whose tracing is remarkable for the low burst of EMG activity on arousal (Fig. 4 ). The termination of flow limitation on arousal in this event was not related to the intensity of GG activity: the stimulated GG-EMG before arousal, which was twice the level of GG-EMG triggered by resistive breathing at the same Pes during wakefulness, was also much higher than the EMG activity during arousal, but it had no effect on the magnitude of flow before arousal. As in Fig. 3 , no phasic retractor EMG activity is seen before arousal.
The averaged five highest peak inspiratory GG-EMG levels for each of the patients, before arousal, ranged between 28 and 71 %max (39.5 Ϯ 19.8 %max, mean Ϯ SD). The corresponding average retractor EMG activity during inspiration, in the same breaths, reached only 4 -13 %max (10.2 Ϯ 3.9 %max) and 3-16 %max (9.3 Ϯ 4.6 %max) for the SG and HG, respectively (see Fig. 5 ). As no difference was observed in the response of the two retractors, their results were pooled together. A ratio of peak inspiratory sleep GG-EMG to awake EMG (GG-EMG sleep / awake ) at the same Pes (calculated for each of the 5 breaths and averaged for each patient) Ͼ 1 was found in all but one patient and ranged between 0.71 and 2.82 (1.98 Ϯ 0.69). For the same breaths, the retractors-EMG sleep / awake ratio reached between 0.23 and 0.82 (0.49 Ϯ 0.18) ( Table 5 ).
In contrast to peak inspiratory activity (tonic ϩ phasic activity), the tonic activity at end expiration before the five breaths with the highest GG-EMG response was, in the mean, similar during wakefulness and sleep (tonic GG-EMG sleep / awake ratio 1.06 Ϯ 0.51). Data for comparison between body positions during sleep (supine vs. lateral position) was available in 10 of the patients and revealed no significant difference (P ϭ 0.19). No significant correlation was found between the individual EMG sleep / awake ratio and the patients' anthropomorphic characteristics and between the retractors-EMG sleep / awake ratio and the AHI. However, a significant inverse correlation was found between GG-EMG sleep / awake ratio and the AHI (R ϭ Ϫ0.705, P Ͻ 0.01) (Fig. 6) .
DISCUSSION
In the present study we compared the EMG response of the GG and the two tongue retractors to ventilatory obstruction during wakefulness and sleep in OSA patients. At comparable levels of inspiratory effort, as assessed by Pes, GG-EMG activity toward the end of apneas/hypopneas reached substantially higher levels than those observed during resistive breathing while awake, without reversing flow limitation. In contrast, concomitant retractors EMG activity during sleep did not reach levels of activity at all comparable to those observed during wakefulness, suggesting that combined activity in tongue protrusor and retractor muscles is required to maintain pharyngeal patency during sleep and wakefulness. Finally, we demonstrated marked differences in EMG-effort profiles of tongue and forearm "antagonist" muscle groups during wakefulness. Fig. 3 . Changes in EMG, Pes, and flow following the decrease in Pn in one of the patients. The SG-EMG shows no phasic inspiratory activity, while the GG-EMG inspiratory activity is increasing breath by breath concomitantly with the development of more negative Pes. Arousal was recognized by the EEG (not shown) and the typical burst of EMG, followed by unobstructed airflow. Arousal is associated with activation of the SG, indicating that the lack of phasic SG activity is not technical.
In contrast to nearly unopposed recruitment of forearm agonists with volitional effort, tongue protrusor and retractor were coactivated with every increasing effort. Taken together, the findings suggest that pharyngeal patency is maintained by coordinating activation of lingual muscles that stabilize pharyngeal structures. The human pharyngeal airway is highly compliant and tends to collapse and obstruct not only in OSA patients, but in most people during anesthesia (19) . Therefore, active muscular forces are required to maintain pharyngeal patency to airflow (24) . The reduction in GG EMG activity with the onset of sleep (9, 26) , as well as suppression of local pharyngeal reflexes (8, 13, 28) , suggests that the increase in pharyngeal collapsibility during sleep is due primarily to sleep-associated decrease in dilator muscle activity. However, abundant observations demonstrated that GG-EMG tends to increase gradually during hypopneas and apneas, but this enhanced activity usually fails to restore pharyngeal patency before arousal (3, 14, 16, 20, 21, 24, 32) . The present study focuses on the events occurring during apneas/hypopneas-induced respiratory stimulation, to evaluate the cause for the failure of enhanced respiratory drive to restore pharyngeal patency.
We have previously observed that airflow and GG-EMG activity dissociate both within and between successive flowlimited inspirations in OSA patients during drug-induced sleep (i.e., mild propofol anesthesia), suggesting that increasing EMG-GG activity does not improve airway patency (7) . In the present study, GG-EMG often exceeded levels observed during wakefulness at comparable downstream pressures. This finding indicates that high levels of GG activity during sleep could not overcome increasingly negative intraluminal "collapsing" pressures, suggesting that other factors play a critical role in stabilizing airway patency. Arousal led to an immediate restoration of pharyngeal patency, implying that sleep-dependent Fig. 3 , this patient displays an atypical pattern of arousal, lacking the characteristic burst of GG-EMG activity during arousal. Arousal was recognized by typical EEG (not shown) and body movements. The increase in airflow that occurred during arousal is obviously not explained by inspiratory activation of the GG. In the breaths preceding arousal GG-EMG peaked up to twice the level corresponding to equal Pes during wakefulness, but this augmented activity was insufficient to prevent flow limitation during sleep. Arousal was associated with unobstructed flow despite the lower peak GG-EMG. Panels as in Fig. 3 . Note the additional decrease in Pn after the 3rd breath. alteration in neuromotor control played a critical role in the loss of airway patency, rather than the loss of GG-EMG activity per se.
Alterations in neuromechanical control during sleep can offset the dilating effects of GG activity on upper airway patency by multiple mechanisms. Generalized hypotonia of postural muscles can increase airway collapsibility by slackening caudal structures that otherwise stiffen pharyngeal structures and decompress the peri-pharyngeal space (14, 25, 27) . Hypotonia of peripharyngeal muscles can also reduce resting GG length, diminishing its contractile force for any given level of EMG-GG activity (17) . In addition, changes in pharyngeal shape may alter the flow-mechanical response to GG contraction (6) . Alternatively, sleep-wake changes in neuromuscular recruitment patterns can compromise pharyngeal airway patency (2, 29, 30) . However, none of the above is likely to explain our findings. On the other hand, lingual protrusors appear most effective in maintaining airway patency when retractor muscles are recruited simultaneously (10, 18, 23) . In the present study, synergy between lingual protrusor and retractor muscles was most evident during wakefulness, when both muscle groups were recruited during respiratory loading. During sleep, however, loading led to isolated increases in protrusor activity with minimal or no increase in retractor activity. In fact, when compared at equal Pes, sleep was associated with a decline in retractor activity compared with wakefulness, further implicating changes in lingual muscle synchrony in the pathogenesis of pharyngeal obstruction. The combined action of lingual protrusors and retractors can be further augmented by pharyngeal constrictors that dilate the pharynx when luminal size is reduced (12) . Comparing responses to airflow obstruction imposed during sleep and wakefulness, we found evidence that the maintenance of airway patency was associated with the simultaneous recruitment of lingual muscles acting as "dilators" and "constrictors," suggesting that the coordinated action of multiple muscle groups is required to stabilize the pharyngeal airway.
The unique pattern of activation of the lingual muscles was evident from differences in motor coordination of tongue and arm movements during volitional maneuvers, emphasizing distinct mechanisms of lingual neuromuscular control (1) . In contrast to differential motor recruitment patterns in the forearm, we found that both protrusors and retractors were recruited simultaneously during tongue protrusive maneuvers. This pattern is consistent with the view that the tongue functions like a muscular hydrostat (11), a term referring to soft tissue structures whose shape and movement depend critically on the combined activation and coordination of several muscles. In fact, we observed that protrusors and retractors were activated similarly during wakefulness, regardless of the volitional maneuver performed. These findings suggest that combined activation may prevent the tongue from prolapsing into the pharynx by stiffening the tongue without necessarily pro- truding it, i.e., primarily by reducing pharyngeal compliance. During periods of upper airway obstruction, however, we found evidence for altered neuromotor synchrony during sleep. Our findings suggest that concomitant activation of opposing lingual muscles is required to maintain airway patency, and GG-EMG activity does not necessarily reflect levels of activity in the other lingual and peripharyngeal muscles involved in the maintenance of airway patency. Conversely, we speculate that periods of upper airway stability during sleep in apneic patients are achieved when neuromotor synchrony is maintained, enabling pharyngeal patency with relatively low GG-EMG activity.
Several limitations of this study should be considered in interpreting our findings. First, this is a laboratory-based study in which physiological responses were evaluated under specific experimental conditions, which may not completely reflect those during natural sleep. By design, we manipulated nasal pressure to produce prolonged obstructive hypopneas and concomitant increases in GG-EMG during sleep that exceeded those routinely observed during wakefulness or during sleepdisordered breathing events prior to arousal, when GG-EMG can rise only minimally (32) . Brotizolam was also used to facilitate sleep and delay arousal, under the assumption that this benzodiazepine would not have any differential effect on recruitment thresholds for tongue protrusor and retractor muscles. We also recognize that the use of a chin strap and mouth seal, which were applied to prevent air leaks through the mouth, may have altered the mechanical actions of lingual muscles. Nevertheless, our protocol was designed to provide the proof of our concept for the notion that GG-EMG activity during sleep may surpass levels otherwise sufficient to prevent pharyngeal collapse during wakefulness without improving airflow. Further evidence for altered lingual muscle synchrony during sleep should still be accrued from a spectrum of subjects with and without OSA to determine whether sleep-wake differences in neuromuscular control are pathogenic. Interestingly, tagged magnetic resonance imaging has shown that, in contrast to healthy subjects, awake patients with severe OSA have only minimal inspiratory tongue movement, suggesting altered neural control of the tongue also during wakefulness (4) . Second, EMG measurements are of necessity relative rather than absolute since they are normalized to maximal activity, making it difficult to standardize assessment of activity across subjects. Our methods for eliciting maximal activity may have also contributed to variability in responses since maximal retractor activity was sometimes observed during tongue thrust rather than tongue retraction maneuvers. Nevertheless, our conclusions are drawn from comparisons of within-rather than between-subject responses, which would not be influenced by absolute differences in maximal EMG levels. Third, we recognize that observed associations between pharyngeal patency and retractor EMG responses to airflow obstruction across sleep-wake state do not imply causality. Nevertheless, the failure of augmented GG-EMG to improve airflow during sleep indicates that loss of pharyngeal patency cannot be explained solely by insufficient genioglossal activity. Considering the differential EMG responses compared with other body structures (tongue vs. arm), our findings strongly suggest that asynchronous recruitment of peripharyngeal muscles is responsible for the apparent ineffectiveness of augmented GG-EMG to restore adequate airflow during sleep. On the other hand, the correlation between AHI and GG-EMG sleep / awake ratio seems to emphasize the independent relevance of GG activity. Finally, awake EMG:Pes measurements were performed with a mouthpiece, which differed from the sleep studies when patients breathed through a nose mask. However, the GG-EMG response to negative pressures in the upper airway was not affected by the route of application of the negative pressures (i.e., mouthpiece or nose mask) (5) , and there is no reason to suspect that the route of breathing altered the retractors' response.
Our findings have implications for OSA research and perhaps clinical management. For example, pharmacological efforts to improve OSA via augmented respiratory drive should focus on improved muscle coordination, in addition to augmentation of dilator activity. Similarly, hypoglossal nerve stimulation should not be aimed to achieve selective GG stimulation and tongue protrusion. Our findings imply that improvement in upper airway patency when the GG is stimulated electrically might be augmented if lingual retractors could be recruited simultaneously. Accordingly, attempts should be undertaken to titrate tongue muscles stimulation in a way that will also stiffen the tongue and change its shape.
In conclusion, our findings indicate that in sleeping OSA patients, as previously shown in anesthetized OSA patients (7), GG-EMG may increase before arousal from apneas/hypopneas far above the level observed during wakefulness, even when compared at equal Pes, without ameliorating flow limitation. On the other hand, the retractors are recruited during sleepassociated flow limitation substantially less than during resistive breathing while awake. This may be the cause for the inability of the GG, the most effective pharyngeal dilator (15) , to restore pharyngeal patency during sleep, despite considerable activation. Our findings suggest that due to the muscularhydrostat-type arrangement and function of the tongue muscles, a high degree of coordination is required to maintain airway patency. Respiratory stimulation seems to recruit the peripharyngeal muscles differently during sleep, compared with wakefulness, resulting in asynchrony that may impede their pharyngeal stabilizing mechanical task. Fluctuations in the propensity to respiratory disturbances in OSA patients overnight may be attributed, at least in part, to alterations in dilator muscle coordination, in addition to changes in the intensity of activation of these muscles. Neuromuscular synchrony rather than absolute levels of pharyngeal dilator activity may constitute the "wakeful stimulus" (9) required to maintain pharyngeal patency. Coordinated actions of diverse pharyngeal and lingual muscles stabilize the pharynx despite relatively low GG activity while awake, yet even higher GG activity allows the pharynx to obstruct when simultaneous retractor activity is inadequate during sleep. 
